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FOREWORD
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ABSTRACT

Low cycle fatigue tests have been performed on the tantalum base
alloys T-111 and ASTAR 811C with synchronized, independently programmed
temperature and strain cycling. The thermal-mechanical cycles applied
fell into three basic categories: these were isothermal cycling, in-phase
thermal cycling, and out-of-phase thermal cycling. In-phase cycling was
defined as tensile deformation associated with high temperature and com-
pressive deformation with low temperature, while out-of-phase thermal
cycling was defined as the reverse case. The in-phase thermal cycling
had a pronounced detrimental influence on the fatigue life of both alloys,
with the life reduction being greater in the solid solution strengthened
T-111 alloy than in the carbide strengthened ASTAR 811C alloy. As an
example of this effect, tests conducted on T-111 alloy at a total diametral
mechanical strain range of 0.8% showed a fatigue life of 796 cycles when
tested isothermally at 2100°F (1422°K), as compared to a life of only 35
cycles when the temperature was cycled from 2100°F to 400°F (1422/478°K)
in-phase with the mechanical strain (heating with tension, cooling with
compression). The out-of-phase tests also showed pronounced effects on
the fatigue life of both alloys, although not so dramatic as the first
example. Metallographic examination of tested samples showed that the
in-phase life reduction was caused by massive grain boundary decohesion
which resulted from unreversed grain boundary sliding in the tensile half
of the thermal-mechanical fatigue cycle. The out-of-phase life changes
were found to be associated with geometric instabilities developed in the
hourglass test specimens. The results of this study were significant
because they showed that the mechanism for thermal-cycled life reductions
was a general one which may be found in other high temperature materials
such as iron and nickel-base superalloys.
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SUMMARY

The low cycle fatigue resistance of the two tantalum alloys T-111
(Ta-9%W-2%Re) and ASTAR 811C (Ta-82%W-1%Re-0.7%Hf-0.025%C) has been evaluated
using completely reversed diametral strain controlled push-pull fatigue
tests performed on hourglass specimens heated by direct resistance. Tests
were conducted with twelve specific synchronized, independently programmed
temperature and strain cycles which fell into three basic categories depend-
ing on the phasing of the temperature and strain. The first category was
isothermal cycling, while the second and third basic cycle types involved
in-phase and out-of-phase thermal cycling. In-phase cycling was defined
as tension associated with high temperature and compression with low tem-
perature, while out-of-phase cycling was the reverse case.

The in-phase thermal cycling caused a severe reduction of fatigue
life for both materials with respect to isothermal cycling at the peak
temperature of the thermal cycle. The life reduction was greater in the
solid solution strengthened T-111 alloy than in the carbide strengthened
ASTAR 811C alloy. Metallographic examination of the tested samples showed
that the cause of the in-phase life reduction was massive grain boundary
decohesion which resulted from the occurrence of tensile grain boundary
sliding at high temperature that was not reversed by cold plastic flow in
the compressive (low temperature) half cycle. The ASTAR 811C was less
susceptable to this effect because of the presence of a grain boundary
carbide precipitate which reduced the rate of grain boundary sliding in
this material.

The out-of-phase thermal cycling caused both decreases and in-
creases in fatigue life with respect to isothermal cycling, depending
on the test material and the strain amplitude. For the ASTAR 811C alloy
the out-of-phase results were consistently below the isothermal data,
while in the T-111 ;alloy the out-of-phase lives were above the isothermal
results at low strain amplitudes and below them at higher strains. The
‘out-of-phase life variations were found to be associated with geometric
instabilities associated with the hourglass specimen configuration rather
‘than with microstructural damage.

The fatigue results from the ASTAR 811C alloy were analyzed by
the method of partitioned strain ranges. Predictions made by this method
showed excellent agreement with experimental results for the out-of-phase
cycled tests, with the agreement being somewhat poorer for the in-phase
results.



TR w INC. MATERIALS TECHNOLOGY

The results of this program are significant because they indicate
that the observed thermal cycled life reduction may be a general effect
applicable to all high temperature materials. The controlling mechanism
for this effect was shown to be unreversed grain boundary sliding, which
was not associated with any unique property of the tantalum alloys, and
would occur in any material where the service temperature is cycled
through the equicohesive temperature in-phase with a mechanical strain.
Significant fatigue life reductions may thus be anticipated in any
material which is exposed to this type of thermal fatigue cycling.
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| INTRODUCTION

Thermal fatigue is a primary mode of failure in components and
structures such as gas turbine vanes, steam piping, nuclear pressure
vessels, multiple firing rocket engines, and power generating systems.

An analysis of material requirements for a specific application is dif-
ficult because service conditions involve an elastic-plastic response to
stress and appreciable creep deformation. This material response is

usually determined by a complex time-stress-temperature history plus
transient, non-uniform temperature and stress profiles imposed by the

heating and geometry of the structure. Analysis is also complicated by

the metallurgical characteristics of a real alloy which may be anisotropic,
and have a structure which may be altered by exposure to service temperatures.

Although the most reliable method of establishing thermal fatigue
behavior is service testing of the structure this approach is extremely
expensive and time consuming. A need exists to develop improved laboratory
or simple simulated component tests along with meaningful methods of analysis
which will allow laboratory results to be used to predict more complex
component performance.

The proposed use of the tantalum base alloys T-111 (Ta-8%W-22%Hf)
and ASTAR 811C (Ta-8%W-1%Re~0.7%Hf-0.025%C) in space electric power systems
has generated a need for thermal fatigue data on these materials in a hard
vacuum environment. The present study was therefore undertaken to characterize
the thermal fatigue behavior of T-111 and ASTAR 811C in vacuum using in-
dependently programmed strain and temperature cycles in the range of 400
to 2100°F (478 to 1422°K).

The program was performed in three phases. The first phase involved
the procurement and characterization of test materials. The second phase
comprised the design and construction of a low cycle thermal fatigue ap-
paratus capable of testing with synchronized independently programmable
temperature and strain cycles in an ultrahigh vacuum environment of less
than 1 x 107 torr. The third phase involved the actual fatigue testing
of the T-111 and ASTAR 811C alloys. The following final report will
provide a detailed description of each of these three phases of this
program.
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[1 _PHASE | - PROCUREMENT AND CHARACTERIZATION OF TEST MATERIALS

The two alloys evaluated, T-111 and ASTAR 811C, were obtained in the
form of 0.65 inch thick plate cold rolled and recrystallized 1 hour at 3000°F
(1922°K). Scanning electron micrographs of both materials in the as-received
condition are shown in Figures 1 and 2. Chemical analyses are presented in
Table 1. While these two alloys are similar in composition, the high tem-
perature strengthening mechanisms differ in that T-111 is a single phase
solid solution strengthened alloy, while ASTAR 811C is strengthened by a
combination of solid solution and precipitation hardening, the latter pro-
vided by the tantalum carbide precipitate which is clearly visible in Figure
2, Both alloys recrystallized at about 2600°F (1700°K) and were tested in
the recrystallized condition, thereby providing a metallurgically stable
structure in the anticipated range of service temperatures. Because of the
relatively low homologous temperatures involved (~0.4k4 at 2100°F) (1422°K),
creep effects were anticipated only near the upper end of the service tem-
perature cycle. Previous work has shown that both test materials exhibit
creep at temperatures as low as 1500°F (1089°K); however, because of the
added carbide strengthening, creep effects at this temperature are less
significant in the ASTAR 811C than in the T-111 alloy (1,2).

Thermal expansion, elastic modulus, and Poisson's ratio were measured
for each material to provide data for the separation of elastic and plastic
longitudinal and diametral strain components, while elevated temperature
tensile properties were obtained for analysis of the thermal fatigue results
by the method of universal slopes (3). Thermal expansion, elastic modulus,
and Poisson's ratio measurements werg conducted at temperatures between
ambient and 2600°F (1700°K) in a 107° torr vacuum furnace equipped with a
tungsten mesh resistance heating element. Thermal expansion measurements
were made at 200F° (111K°) intervals on a specimen having a 2" (5.1 cm) gauge
length using an optical cathetometer having a precision of %50 u-inch
(£1.27 microns) Both longitudinal and shear modulus (E and G) were deter-
mined by a pulse-echo technique in which the transit time of an extensional
or torsional elastic wave was measured in a 1/4 inch (6.35 mm) diameter rod
of known length % and density p. A commercial system, the Panatherm Model
5010, manufactured by Parametrics Inc., was used for these measurements.

The system consisted of a standard longitudinal and custom made shear
transducer for generating and detecting the elastic wave, together with the
electronics required for measurement and display of the transit time t on a
digital readout. The elastic modulii were calculated from this information
using the formulae

. odul us
wave velocity = 33327757

2
moduius = E%— 0
t

or
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Figure 1.

Microstructure of T-111 alloy annealed 1 hour at 3000°F
(1922°K) .
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Figure 2.

Microstructure of ASTAR 811C alloy
(1922°K) .

annealed 1 hour at 3000°F
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Table |

Chemical Analysis of As-Received Test Materials

Element
Percent PPM
WoOHE R C S
T-111 Alloy
Nominal Composition
Minimum 7.0 1.8 - - - - -
Max imum 9.0 2.k - 50 100 50 19
Vendor Analysis 8.1 1.9 - <30 <50 17 1.3
TRW Analysis 8.0 2.2 - 80 33 35 5
ASTAR 811C Alloy
Nominal Composition
Minimum 7.5 0.7 1.0 200 - - -
Max i mum 8.5 1.1 1.5 300 100 50 10
Vendor Analysis 7.8 0.83 0.91 230 100 12 1.4
TRW Analysis 7.8 0.94 0.98 290 22 9 3
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with both length and density being corrected for thermal expansion using the
previously measured expansion coefficient. Poisson's ratio u was calculated
from the measured values of E and G using the formula

v = (E/2G6)-1 (assuming isotropic properties)

Results of these tests are presented in Tables 2-5 and in Figures 3 and 4 where
each of the physical properties measured is plotted versus temperature.

The ultimate strength, 0.2% offset yield strength, elongation, and
reduction of area were measured at temperatures between ambient and 2600°F
(1700°K) in a Brew vacuum furnace at pressures below 1 x 10~2 torr. Bar
type specimens with a 0.113'" (2.89mm) diameter by 0.450" (11.5mm) long gauge
section were tested at a constant crosshead speed corresponding to an initlal
strain rate of .0045 in/in/min (7.5 x 107> mm/mm/sec.). Results of these
tests (Tables 6 and 7, Figures 5 and 6) show a significant dynamic strain
aging effect in the 1200 to 2000°F (922 to 1366°K) temperature range for
both alloys. This effect is very pronounced in the T-111 alloy, and is also
noted in the ASTAR 811C alloy.
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Table 2

Thermal Expansion of T-111 Alloy
Annealed 1 Hour at 3000°F (1922K)

Specimen Length

Thermal Expansion

Temperature
F K
75 297
310 428
510 539
710 650
770 683
1005 814
1200 922
1400 1033
1600 1144
1800 1255
2000 1366
2200 1477
2400 1589
2600 1700

pin/in
in mm (mm/mmx106)

1.99638 50.7081 -
1.99785 50.7454 736
1.99940 50.7848 1513
2,00113 50.8287 2379
2.00155 50.8394 2590
2.00305 50.8775 3341
2.00465 50.9181 L1142
2.00610 50.9549 4869
2.00770 50.9956 5670
2,00943 51.0395 6537
2.01105 51.0807 7348
2.01304 51.1312 8345
2.01463 51.1716 9142
2.01630 51.2140 9978
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Table 3

Thermal Expansion of ASTAR 811C Alloy
Annealed 1 Hour at 3000°F (1922K)

Temperature

F K

75 297
253 396
522 546
817 708
1040 833
1209 927
1400 1033
1600 1144
1800 1255
2000 1366
2200 1477
2400 1589
2600 1700

Specimen Length

Thermal Expansion

Uin/in
in mm (mm/mmx106)

1.99580 50.6933 -
1.99725 50.7302 727
1.99905 50.7759 1628
2.00110 50.8279 2656
2.00265 50.8673 3432
2.00410 50,9041 4159
2.00533 50.9354 4775
2.00703 50.9786 5627
2.00863 51.0192 6428
2.01030 51.0616 7265
2.01210 51.1073 8167
2.01380 51.1505 9019
2,01563 51.1970 9936

10
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Figure 3. Thermal expansion of T-111 and ASTAR 811C alloys.
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[I1 PHASE Il - DESCRIPTION OF THE THERMAL FATIGUE TEST APPARATUS

The test apparatus was designed to conduct completely reversed push-
pull fatigue tests in ultrahigh vacuum on hourglass type specimens using
independently programmed temperature and strain cycles. Temperature was
programmed using a thyratron-controlled 50 KV AC power transformer for direct
resistance heating of the specimen, while diametral strain was controlled
directly using an LVDT type extensometer coupled to a programmable closed
loop electro-hydrualic servo system. A photograph of the test system is
shown in Figure 7, while a detailed description of each component of the
system follows.

A. Mechanical Test System

1. Test Frame

The test frame consisted of two 3" (6.9 cm) steel plattens assembled
to four 4" (10.2 cm) diameter threaded upright columns with locking nuts above
and below each platten. A double acting 50,000 pound (223,000 N) hydraulic
cylinder attached below the lower platten was equipped with an adjustable 0.6"
(15.3 mm) range LVDT for measurement and/or direct feed back servocontrol of
ram (crosshead) position. The space between the two plattens contained the
fatigue load train together with the controlled environment test chamber
(Figure 8).

2. Load Train

The upper half of the load train (Figure 9) was threaded to the
upper platten, with a 7' (17.8 cm) diameter by 3" (7.6 cm) thick brace being
used to preload the joint and prevent backlash in the threads under conditions
of reversed loading. The upper load train also incorporated a load cell
together with fixturing for the attachment of cooling water and low voltage,
high current electrical power to the upper pull bar. The pull bar penetrated
the test chamber through a stainless steel bellows assembly below the electrical
and water attachments so that it was not necessary to provide separate feed
throughs for power or cooling water. The upper flange of the bellows assembly
was sealed with a viton "0'" ring to provide electrical insulation between the
upper electrical connector and the test chamber. This insulation was neces-
sary to prevent direct shorting of the heating current through the chamber,
All other flanges in the load train were sealed with crushable copper gaskets,
following ordinary UHV practice.

The lower (movable) half of the load train (Figure 10) was
similar to the upper half but had no load cell in the pull bar, and was
electrically insulated at the mechanical joint between the lower pull bar
and the hydraulic actuator to prevent shorting of the heating current
through the test frame.






MATERIALS TECHNOLOGY

TRW inc.

i

::=,$Emmﬁmm

:::::

gue test system.

manOCIATE @
.

&.

Frare Fw e

Y
i §; .

20

Thermal mechanical fat

FITREITIRIHNR s
- ]

Figure 7

~

BRERREPERREL 210

:\::====._=.=.55§§»” i

Laxsua e SFE R EERIATETTRLUVHY

3 goIE






3383 ¢

TRW ixc.

MATERIALS TECHNOLOGY

THREADED LOAD
COLUMN __?:T“

BRACE

UPPER PLATTEN ————=f

CLAMPING NUT

UPPER COOLING

WATER INLET ™~

STAINLESS STEEL

LJ

LOAD CELL

PRE-LOADED

BELLOWS

CONTROLLED

ATMOSPHERE
TEST CHAMBER

MECHANICAL
COUPLING

S~ HIGH CURRENT

CONNECTOR

INSTRUMENTAT I ON
FEEDTHROUGH

SIGHT PORT

LOWER COOLING _ — STAINLESS STEEL
WATER INLET - BELLOWS
HIGH CURRENT
PRELOADED, CONNECTOR
ELECTRICALLY 1 m
INSULATED
MECHAN1 CAL
COUPLING TO
ACTUATOR SHAFT
[ J |
A
/ / 50,000 LB.
/ ’ HYDRAULIC ACTUATOR
2 o O
| LAl [ | 44?::>>————— HYDRAULIC HOSE
CROSSHEAD ] lo oL 371
9
] L
[————— SERVO VALVE

e

-

Figure 8.

21

Schematic diagram of low cycle thermal fatigue test frame.



3384 €

TR WINC. MATERIALS TECHNOLOGY

ANT1-BACKLASH

BRACE
SOCKET HEAD _’/'f—| [‘_l I. ‘| I_l ,
CAP SCREW P R tl .009'" INTERFERENCE
i | | |
i ; 1 i 1 1
L | T 1 T
[ ] [} i [}
(Y] L. L) L.t
fa—— TOP PLATTEN
[ r‘" NN M 1‘1 o
e LOAD CELL, INTERFACE
MODEL 1120AF
T ¥ P E K Y
b RE -LOADED I == et e A
MECHAN | CAL ——— 1 3 LOCATING RING TO
COUPL ING P ._r’? £ MAINTAIN CONCENTRICITY
ASSEMBLY o —
fr'“ o H—JJ COOLING WATER
- - - INLET
Ol = 1O O |—HIGH CURRENT CONNECTOR
o MmO M F O VACUUM QUALITY WELD
| g ]
[ '
4 M Y
STAINLESS = 2 ULTRA HIGH VACUUM
STEEL ——t 3 FLANGE WITH
BELLOWS — = CRUSHABLE

COPPER GASKET

CONNECTION TO
CHAMBER TEST

C
[ j_E_-.__ . .
C
C
C
===~ 4-- it
G

- WATER COOLED STAINLESS
STEEL PULL ROD

LU
[HHI
T

Figure 9. Low cycle thermal fatigue test load train assembly - upper half.

22



3386 ¢

TR WINC. MATERIALS TECHNOLOGY

WATER COOLED STAINLESS
STEEL PULL ROD

CONNECTION TO
TEST CHAMBER

[}
]
)
]
ninhn o
: —
Ny 1 0
= —> ULTRA-HIGH VACUUM
STAINLESS R= = FLANGE WITH
STEEL — — CRUSHABLE COPPER
BELLOWS ps = GASKET
1
VACUUM QUALITY I el COOLING WATER INLET
WELD —O
ro [ & O QJ_._ HIGH CURRENT
] CONNECTOR
H=F-HI T =
oRE-LOADED [53 : e FLECTRICAL INSULATION
ELECTRICALLY =gk [}———— CENTER BOLTS NOT SHOWN
INSULATED _riﬁi-'_g_._,.:‘\ ELECTRICAL INSULATION
MECHANI CAL COUPLING o z : T LOCATING RING TO MAINTAIN
ASSEMBLY EEER '“‘E‘R CONCENTRICITY
' ELECTRICAL INSULATION
ACTUATOR SHAFT

;

[ |

JrL LOWER PLATEN
ULl uy

k———— HYDRAULIC ACTUATOR

Figure 10. Low cycle thermal fatigue test load train assembly - lower half.

23



TR WINC. MA TE)?IALS TECHNOLOGY

One feature not shown on the illustrations was the use of
cooling fans for the stainless steel bellows. Experience with the system
revealed a tendency for Induction heating of the bellows by the large AC
fields in the vicinity of the load train, so that it was necessary to add
fans to the test frame to cool the bellows during testing.

3. Specimen and Grip Assembly

The standard test specimen and grip assemblies are i{llustrated
in Figures 11 and 12. The specimen test section had an hourglass configura-
tion with a radius of 1.5" (3.8 cm). The notch geometry shown in Figure 11
was used for notched testing. The 20° tapered ends of the test specimen fit
matching tapered holes in the upper and lower grip assemblies, which insured
precise alignment of the specimen in the grip (Figure 12). A double collar
arrangement was used to clamp the threaded part of the specimen to each grip
with sufficient preload to prevent backlash under reversed loading conditions.
The grip itself was made of TZM alloy for improved thermal conductivity, and
was seated to the pull bar with a copper washer to insure good thermal and
electrical conductivity across the joint. The outer collar was made of invar
to prevent loosening of the specimen by differential thermal expansion during
testing. Another important feature of this system was the use of gas relief
slots cut in all threads for application of the system in ultrahigh vacuum.
Experience showed this gripping system to be satisfactory with the provision
that the specimen must be installed in the grip assembly under a compressive
load and the collars must be hammered tight using a spanner wrench to insure
adequate preload. This same provision also applied to installation of the
grip to the pull bar. The load train alignment was checked periodically by
insertion of the alignment pins illustrated in Figure 13. Adjustments were
made in load train alignment by slight changes in the position of the main
platten.

4, Instrumentation

Instrumentation was provided to measure temperature and diametral
mechanical strain during operation of the thermal-mechanical fatigue test
apparatus. Temperature was measured using tungsten-3%Re/tungsten-25%Re thermo-
couple wires spot welded to the test specimen about 1/4' (6.35 mm) above and
below the minimum diameter, thus providing redundancy in the case one thermo-
couple failed. The individual thermocouple wires penetrated the test chamber
through standard glass-to-metal sealed ultrahigh vacuum instrumentation feed-
throughs. Because of the hourglass shape, temperature was not uniform along
the length of the specimen and the observed thermocouple output had to be
compensated to determine the temperature at the minimum diameter (maximum
stress) area. This was accomplished by measurement of specimen temperature
at the hottest point using an optical pyrometer which had been previously
calibrated for deviations between actual and optical temperature by the
temporary attachment of thermocouples at the minimum diameter of a dummy
specimen.
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Figure 12.

GAS RELIEF SLOT
CUT TO FULL
THREAD DEPTH

-

SPANNER AND GAS
RELIEF HOLES

N\

)
-

TEST SPECIMEN

4——— [NVAR COLLAR

[~————— TZM CLAMPING
RING

| TZM GRIP

CRUSHABLE
COPPER
DisSC

WATER COOLED
" STAINLESS STEEL
PULL ROD

Low cycle thermal fatigue test specimen and grip assembly.
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Figure 13,

Low cycle thermal fatigue test load train alignment pin.
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Specimen diameter was measured using a simple scissors-action
LVDT type of extensometer illustrated in Figure 14. The scissors design
was chosen to minimize anomalous diameter changes which could result from
heating of the extensometer arms with other designs. The hinge was made of
invar, while the arms were 3/8' diameter alumina tubes. The relatively large
diameter of these arms allowed the extensometer to be clamped to the specimen
with significant force without exerting a large pressure on the specimen.
Experience indicated that the fatigue crack rarely initiated at the contact
point, indicating that the contact between the extensometer and the specimen
did not influence the crack initiation process.

Two springs were used to hold the extensometer to the specimen.
A relatively light expansion spring was located between the rods on the LVDT
side of the hinge, while a much stronger spring compressed the outside of
the arms against the test specimen. This direct application of spring
tension was desirable because it eliminated the possibility of part of the
specimens diameter change not being translated to the LVDT because of elastic
bending of the alumina rods.

The LVDT core was attached to the end of one of the alumina rods
in such a way that it moved freely back and forth in the coil. The coil was
welded into a vacuum tight stainless steel jacket which was attached to the
end of the second alumina rod. Thus, changes of specimen diameter caused
scissoring of the extensometer arms which in turn caused the LVYDT core to
move axially in the coil. The extensometer arms were designed to equal
length on both sides of the hinge, so that the movement of the core seen
by the LVDT was 1:1 with specimen diameter changes. This meant that the
extensometer could be directly calibrated outside the chamber before assembly
using a micrometer-type calibration device to drive the core through the coil.
it was also possible to check the calibration by measuring the free thermal
expansion of a material having a known coefficient of thermal expansion.

Both the core and coil of the LVDT were supported in the test
chamber by thin wires which allowed freedom of movement for the extensometer
to follow the specimen movements during testing. The working end of the
extensometer was also provided with support wires, but these were adjusted
to have slack during testing so that the weight of the working end of the
extensometer was actually carried by the friction between the specimen and
arms.

Electrical connections to the extensometer penetrated the stain-
less steel shell around the coil through an ultrahigh vacuum epoxy seal molded
so as to separate and dress the bare lead wires for attachment to the conduit
cable. The lead wires were of stranded, highly flexible construction and were
bent slack to accomodate the freedom of movement built into the support system.
The conduit which carried the signal to the outer chamber wall was a formed
copper tube containing a standard individually shielded 3-pair instrumentation
cable. This assembly was vacuum sealed at both ends by UHV epoxy cement, with
the leads being dressed at both ends to mate with the LVDT leads and with the
leads from the instrumentation feed through where the cable penetrated the
main test chamber.
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Figure 14. Extensometer used to measure specimen diameter for low
cycle thermal fatigue testing.

29



TR WINC. MATERIALS TECHNOLOGY

Figure 15 shows the assembled extensometer installed in the
vacuum chamber ready for testing. Experience with this system has proven
the design to be satisfactory both for measurement and for direct feed back
programmed servocontrol of specimen diameter. However, because of the large
AC fields generated near the high current load train assembly, it was neces-
sary to pay very careful attention to dressing and shielding of the signal
leads during initial installation of this assembly. This requirement in-
cluded considerable trial and error experimentation with placement and
shielding of the leads before a suitably clean feed back signal could be
achieved.

5. Mechanical Control System

A block diagram illustrating the main components of the closed
loop servocontrol system is shown in Figure 16. Any one of the three dif-
ferent test parameters, load, crosshead position, or specimen diameter, could
be used as the independent variable for programmed control. The basis of the
control system was the servoamplifier, which electronically summed the
command and feed back signals to generate an output signal which controlled
the opening of the hydraulic servovalve. Ram velocity feed back was also
used to damp the system and prevent an over-controlling oscillatory condi-
tion from developing. LVDT and load cell signal conditioners detected,
amplified, and conditioned the respective instrument inputs to provide
continuously variable servoamplifier input signals ranging from plus to
minus 10 VDC for positive and negative full scale deflections of the
respective sensing devices. A *l VDC output was also available from each
module for recording purposes. The servoamplifier incorporated a thermal
compensating circuit which used the specimen thermocouple signal to com-
pensate the servoamplifier output for free thermal expansion of the speci-
men while varying temperature under diametral strain control. A biasing
potentiometer in the servoamplifier provided the capability to bias the
command input so that the independent variable could be cycled about a
value other than zero.

Three sources of programmed command signal were available.
The first was a simple reversible motor driven potentiometer device which
provided a =10 VDC triangular wave command signal at a fixed frequency of
0.0065 Hz. The second command source was an electrostatic curve follower
which operated at a range of test frequencies and could be programmed for
any desired wave shape, while the third source was an electronic function
generator which provided square, triangular, or sine wave shapes from sonic
frequencies to 0.01 Hz. Selection of the command source, together with
overall coordination of the heating and mechanical straining functions was
performed by the master controller which is described more fully in a
subsequent section.

30



2392 ¢

TRW inc.

MATERIALS TECHNOLOGY

Figure 15.

Extensometer assembly installed in test chamber.
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B. Thermal Control and Heating System

The basis of the thermal control and heating system was a Duffer's
Associates Model 510 '"Gleeble'' which was adapted for direct resistance
heating of the low cycle fatigue test specimen. The Gleeble was originally
designed to perform welding oriented research on the influence of rapid
thermal cycling on the structure and properties of materials. A 50 KVA
transformer provided the capability for heating at rates to 3000F°/second 2
(1667K°/second) in metallic specimens with cross-sectional areas of 0.16 in.
(1.04 cm) or less, while a reference generator programmed the entire thermal
cycle according to any desired wave shape. A temperature control feed back
signal was provided by the W-Re thermocouple welded to the test specimen as
described previously. A block diagram of the temperature control system is
shown in Figure 17. The emf of the thermocouple was compared in the error
signal network to the programmed output of the reference generator. Any
deviation of the thermocouple emf from the reference generator output resulted
in an error signal to the ''control amplifier." This operated the thyratron
power control which regulated the power supply to the step-down transformer
and test specimen.

The basis of the reference generator was a motor driven continuously
rotating potentiometer with multiple taps for adjustment of input potential
at various points around the slide wire. Four different synchronous motors
were available to drive the generator at speeds of 718, 155, 46, and 18
seconds per cycle. The drive system was modified so that it could be started
and stopped on command from the master controller, described in the next sec-
tion. A relay network was also added to the reference generator so that it
could generate its own stopping signal. It was important that both the tem-
perature and strain reference generator be sel f-terminating at the end of
each cycle so that both could be re-initiated simultaneously to start another
cycle in perfect synchronization on signal from the master controller. This
insured that any slight deviations in the duration of the thermal and mechanical
cycles would not be additive from cycle to cycle.

C. Master Control System

The master control system generated the triangular strain command
signal used in the majority of cyclic fatigue tests and provided synchroniz-
ing signals for initiating cycles, data acquisition functions, hold times, etc.
The basic compcnents of the system were a reversible 72 rpm (4320 rps)
synchronous motor, a 10 turn potentiometer, and a 10 position continuously
adjustable cam switch. These components were |inked through a gear train
which provided the correct relative speeds for each component and insured
exact synchronization of the various control functions. The gearing pro-
vided a fixed cycle duration of 155 seconds, to match the second speed on
the Gleeble reference generator.
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The control system operated by driving in one direction until the
limit of travel on the 10 turn potentiometer was reached, at which point a
cam was set on the cam switch to reverse the motor and drive the potentio-
meter to its opposite extreme, where another cam again reversed the drive
motor to restart the cycle. Two delay capabilities were built into this
system. First, time delay relays adjustable between 0 and 180 seconds were
optionally activated at each reversal point, providing a built in short-time
delay at each end of the cycle. This capability was used to provide a few
seconds pause in each cycle (usually at the minimum temperature point), and
operated in conjunction with the self-stopping capability of the thermal
control system to insure exact starting synchronization for each cycle, as
discussed previously. These delay relays were also used to interrupt the
strain cycle for tests of the type where strain and temperature changed
sequentially rather than simultaneously during the test cycle. This
capability together with the previously described thermal expansion com-
pensator in the servoamplifier were particularly useful for conducting
'square wave'' types of tests where tensile and compressive deformations
were both accomplished isothermally but at two different temperatures.
The meaning and interpretation of this type of test will be discussed in
more detail in a subsequent section.

The second time delay capability consisted of a timer which could
be triggered at any point in the cycle to simultaneously interrupt both the
temperature and strain programmers for times between 5 and 150 minutes,

300 and 9000 seconds) thereby providing for longer hold times.

Synchronizing signals for triggering of the thermal cycles were
provided by two separate cams on the 10 position cam switch mentioned
previously. These cams operated in conjunction with a set of relays to
provide switch selectable triggering impulses either just before or just
after the end point of the master control cycle. This arrangement provided
the flexibility to conduct tests where the temperature and strain were
synchronized either in-phase, out-of-phase, or sequentially to one another.

Also incorporated into the master controller was a break detector
which cut off power to the hydraulic pump and Gleeble after the test
specimen fractured. This system consisted of a +1 VDC meter relay connected
to the recording output of the load cell signal conditioner. This master
relay operated in conjunction with a cam on the cam switch to seek a tensile
load near the end of each tensile cycle. |f a tensile load was found, no
action was taken by the system; if no load was found, the test was terminated.

Spare cam switches were available on the master controller to perform
other miscellaneous functions as desired, such as triggering of the electro-
static curve follower or independent electronic function generator for complex
strain cycling, or for performing various data sampling and acquisition
functions.
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D. Data Acquisition Facilities

As discussed previously, both the load cell and LVDT signal condi-
tioners were equipped with =1 VDC recording outputs. These signals were
used to record strain versus time on a strip chart recorder, and strain
versus load on an X-Y type plotter. Temperature was recorded directly from
the specimen thermocouple using a standard L&N balancing type millivolt
temperature recorder. An auxiliary LVDT signal conditioner was available
for measurement of specimen diameter when under crosshead control.

E. Environmental Control System

The environmental control chamber was a two part, all stainless steel
system consisting of test and vacuum pump mudules separated by an externally
operated poppet valve (Figure 18). This two part construction was extremely
important since it allowed the test specimen to be changed while maintaining
the major portion of the system under hard vacuum. It also allowed the test
chamber to be back-filled with a protective atmosphere while testing without
the need to shut off the vacuum pumps. This not only prolonged pump life
significantly, it also provided much faster turn around time for changing
specimens by shortening the time required to reach acceptable vacuum levels.
The two modules were joined by a 20' (50.8 cm) diameter Wheeler flange which
was sealed by a crushable copper ''0'"' ring. This flange was located in the
test module adjacent to the poppet valve and provided excellent access to
the interior of the chamber for changing of the specimen when the two modules
were separated (Figure 19).

The test chamber was permanently mounted to the test frame and was
equipped with eight standard 1-1/2" (38.1 mm) flanged openings for mounting
of various types of electrical and mechanical feed-throughs. Four 6" (15.3
cm) diameter flanges were also mounted to the chamber on the top and bottom
and on both sides. The load train penetrated the chamber through the top and
bottom flanges, while a 4'' diameter sight port was mounted on one of the side
flanges. The fourth flange was not used and was blanked of f with a stainless
steel plate.

The test chamber was rough pumped using a mechanically backed turbo-
molecular pump having a blank-off pressure capability of about 1 x 10-7 torr.
In practice, this roughing system would bring the test chamber from atmo-
spheric pressure to a limit of about 1 x 10~% torr in 15 to 30 minutes
900 to 1800 seconds). An ultrahigh vacuum bellows sealed valve was provided
to seal the test chamber from the roughing system when the chamber was under
hard vacuum.
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Figure 18. Schematic illustration of double chamber low cycle thermal fatigue
vacuum system.
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Figure 19.

Showing test and pump modules separated for access to
test specimen.
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The pump module was supported by a movable frame which rolled on rails
to facilitate alignment of the main flange during closing the unit. The in-
strumentation and power supply required for operation of the various pumps
and gages were also mounted permanently to this frame. The pump module
contained three separate pumping systems. The main system was comprised of
four banks of ion pumps having a total pumping capacity of 400 1/second,
which was supplemented by titanium sublimation pumping (TSP). The TSP
filaments were arranged in three groups of three filaments each, with each
set being mounted on a standard 1-1/2" (3.81 mm) UHV flange for convenience
in changing filaments. The pump module was also equipped with cryopumping
capability, which was not used in this program.

Two vacuum gages were installed on the vacuum system. The first was
the ion pumping system itself, which may be used as a relatively crude vacuum
gage by measurement of pump current. The second gage was an ionization type
gage mounted to the test chamber. Instrumentation for this gage was mounted
to the pump module frame, as indicated previously.

The experience gained in using this chamber for low cycle thermal
fatigue testing proved it to be a highly satisfactory system, combining
good ultimate pressure capability with fast turn around speed. As mentioned
previously, the test chamber could be rough pumped to about 1 x 10-% torr
within about 1/2 hour (1800 seconds) after the main flange was torqued closed.
This pressure was about one decade lower than can normally be achieved by the
more common cryo-sorption type of roughing pump. The mechanically backed
turbomolecular roughing system had the additional advantage that it pumped
all gasses at more or less the same speed, as opposed to the sorption pump
which selectively pumps the more reactive species such as oxygen and nitrogen,
leaving the inert gasses relatively enriched in the unpumped residual.
Because ion and TSP pumping are also relatively less efficient at pumping
inert gasses, selective enrichment of the inerts by sorption pumping signi-
ficantly reduces subsequent pumping speeds in the high and ultrahigh vacuum
ranges.

After roughing to IO_A torr and isolation of the test chamber from
the roughing system, the pressure in the test chamber could be dropped almost
instantaneously to the low 10-6 range by opening of the poppet valve. Work-
ing vacuums in the 10-8 torr range could be achieved with about 1 to 2 hours
of combined ion and TSP pumping, while ultimate pressures in the low 1079
or high 10-10 range could be achieved with overnight or longer campaigns.

A typical leak rate curve for the 75 liter test chamber |s shown in Figure
20. These data, taken from a base pressure of 2.4 x 107C torr, show that

the leak rate decreased continuously from a value of 2 x 10~5 torr liter/
second at blank-1ff 3 x 1077 torr liter/second after 1-1/2 hours (5400
seconds). This diminishing leak rate indicated that the ''leak'' was primarily
an outgassing phenomenon rather than a true air leak, which would exhibit a
constant leak rate with time. After 1-1/2 hour 2f outgassing the chamber
approached an equilibrium condition at about 10™% torr, and the leak rate

at this pressure would presumably diminish to a very small value at longer
times.
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Figure 20. Typical leak-up curve for low cycle thermal fatigue test chamber.
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IV PHASE 11l - TEST PROGRAM

A. Experimental Details

Fatigue tests were performed with closed loop diametral strain
control using five basic types of synchronized, independently controlled
strain and temperature cycles. The five cycle types employed were iso-
thermal (1SO0T), thermal cycled in-phase (TCIP), thermal cycled out-of-
phase (TCOP), thermal cycled in-phase square wave (TCIPS) and thermal
cycled out-of-phase square wave (TCOPS). In the isothermal cycle tempera-
ture was held constant throughout the test, while in the TCIP and TCOP
cycles the temperature was varied simultaneously with mechanical strain.
In the square wave tests, temperature and strain were changed sequentially
so that the tensile and compressive portions of each cycle were executed
isothermally, but at different temperatures. Strain versus time, tempera-
ture versus time, and strain versus temperature profiles are illustrated
in Figure 21 for each of these five cycle types. Variations of the
maximum and minimum test temperatures and the test frequency of these
five basic cycles were used together with hold times to provide the twelve
experimental test cycles described below.

The test program was conducted in two parts. The first part con-
sisted of seven different isothermal, TCIP and TCOP cycles (Table 8) which
were applied to both the T-111 and the ASTAR 811C alloys. The second part
included five different isothermal, TCIPS and TCOPS cycles (Table 9) which
were applied to the ASTAR 811C alloy to provide supplimentary data for the
evaluation of thermal fatigue mechanisms. A minimum of four tests were
conducted on each test material with each type of cycle to define a curve
of strain range versus cycles to failure in the range of 10 to 1000 cycles.
A free (zero load) thermal cycle was executed prior to the initiation of
each test to measure the exact thermal output of the extensometer, which was
used to compensate the strain command signal for direct control of net
mechanical strain. Both specimen diameter and temperature versus time, as
well as load versus diameter, were measured continuously throughout each
test. These data were used together with the previously measured physical
properties to calculate the longitudinal elastic and plastic strain ranges
as well as the stresses associated with each test. The vacuum test chamber
was equipped with a sight port situated so that the surface of the specimen
could be observed with a telemlcroscope during testing, While it was pso-
sible to observe cracks in the surface of the specimen with this arrangement,
it was not always possible to define an end point based on crack formation
since only one side of the specimen was visible during testing. Failure
was therefore defined as complete separation of the specimen into two
pieces. After testing, selected samples were subjected to chemical and
metal lographic analyses. Metallography was performed on polished and etched
sections parallel to the tensile axis of the tested specimen using the
scanning electron microscope. With the exception of Figure 55, which is a
standard light macrograph, all of the macro and micrographs presented in this
report were obtained from this instrument.
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Figure 21. Schematic representation of the five basic types of thermal-mechanical
cycles applied in this study.
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Table 8

Types of Synchronized Triangular Loading and Heating Cycles
Applied to T-111 and ASTAR 811C Alloys
Test Frequency = .0065 Hz

Cycle

Type Nature of Cycle

| Isothermal at 2100°F (1422°K)

I Isothermal at 2100°F (1422°K) with notched test sample. Kt = 3,

NN Strain and temperature increasing together with maximum tensile
strain at maximum temperature and maximum compressive strain at
minimum temperature. Temperature cycled from 400-2100°F (478-
1422°K) (rcip).

v As in 111, but minimum temperature increased to 900°F (755°K).

v As in |ll, with notched test sample, Kt = 3,

VI As in 111, but held one hour at 2100°F (1422°K) at maximum tensile
strain each cycle. (Designated TCIPH.)

Vi As in |11, but maximum compressive strain at maximum test tempera-
ture and maximum tensile strain at minimum temperature. (TCOP)

Table 9
Supplimentary Thermal Fatigue Testing of ASTAR 811C Alloy
Test Frequency = .0065 Hz Except as Noted

Cycle

Type Nature of Cycle

Vil Isothermal at 400°F (478°K).

IX Isothermal at 1600°F (1144°K).

X Isothermal at 2100°F (1422°K) test frequency 0.65 Hz. (Designated
IHF) .

XI Tension isothermal at 2100°F (1422°K) compression isothermal at
LOO°F (478°K). (TCIPS)

Xt Tension isothermal at 400°F (478°K) compression isothermal at

2100°F (1422°K). (TcoPsS)
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B. Test Results

Results of the thermal fatigue testing program will be presented in
this section, where the stress response of T-111 and ASTAR 811C to combined
temperature and strain cycling will be discussed together with the fatigue
life data generated from these. tests.

1. Stress Response

Both the T-111 and ASTAR 811C alloys displayed cyclic strain
hardening behavior under all types of thermal-mechanical strain cycles
applied. Most of the hardening occurred during the first three or four
cycles, and a stable loop size was generally developed by about the 10th
cycle. In the following discussions of hysteresis loop shape and S/N curves,
all stress ranges shown represent the stabilized loop size for each test.

Figure 22 shows the cyclic stress response of the ASTAR 811C
alloy to each of the five basic types of thermal mechanical cycles represented
in Figure 21. These hysteresis loops are typical of the response observed
in both test materials except for the stress levels, which were lower in
the lower strength T-111 alloy. Both materials exhibited serrated yielding
in the temperature range where dynamic strain aging occurred (Figures 5 and
6); however, this feature was not reproduced in Figure 22 in order to
emphasize the basic stress response. Otherwise, the hysteresis loops shown
represent values derived directly from the experimental record of load
versus diameter for the indicated tests, with thermal expansion substracted
out to show true mechanical strain on each curve.

The hysteresis loops in Figure 22 showed the significant
influence of thermal cycling on the stress response to cyclic plastic strain.
In the isothermal case, Figure 22a, the loop was approximately symmetrical
with the peak tensile stress equal to the peak compressive stress and with
both stress peaks occurring at the corresponding strain extremes. For the
thermal cycled cases, Figure 22b through e, the loops were not symmetrical
and the stress and strain peaks were not necessarily coincident. This
behavior was the result of increasing material strength with decreasing
test temperature, which caused the thermal cycled hysteresis loops to be
offset toward the lower temperature portion of the cycle. In the case of
the in-phase tests, the compressive stress peak was larger than the tensile
peak, while in the out-of-phase tests the opposite was true.

For the square wave tests, where all of the deformation was
isothermal, Figure 22d and e, both halves of the hysteresis loop had the
form of an isothermal stress strain curve. Peak stress and strain were
coincident at both ends of the square wave but with a higher level of peak
stress on the cold half of the cycle. The only differences between the
tensile and compressive halves of the cycle were the level of the stress
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Experimental hysteresis loops for ASTAR 811C alloy tested at a total
diametral mechanical strain range of 0.032 in/in (mm/mm) (approximately
0.066 in/in (mm/mm) longitudinal strain).
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and the amount of monotonic strain hardening (that is, the slope of the
plastic portion of the curve). Monotonic hardening was observed only at
the lower test temperatures, with the high temperature flow occurring at
relatively constant stress levels. '

For the tests where temperature was varied simultaneously
with strain (TCIP and TCOP curves, Figures 22b and c) the shape of the loop
reflected the effects of both monotonic hardening and changing temperature
on flow stress. In the half of the cycle where the specimen was cooling,
both thermal and monotonic hardening increased together so that the peak
stress was coincident with the maximum strain excursion. However, for the
half of the cycle where temperature was increasing, the two effects worked
in opposite directions with strain hardening tending to increase the flow
stress at the same time as the increasing temperature was softening the
material. During the early portion of the heated half cycle strain
hardening predominated, causing the flow stress to increase with the
accumulation of reversed plastic strain. However, the increasing tem-
perature eventually caused the rate of strain hardening to decrease so
that during the latter portions of the heated half-cycle thermal effects
predominated, causing the stress to decrease with further accumulations of
plastic strain. The simultaneous operation of these two opposing effects
thus caused the stress to peak in the middle rather than at the end of the
heated strain excursion. The previously mentioned dynamic strain aging
also had some effect on the shapes of the TCIP and TCOP hysteresis loops
(in addition to the previously mentioned serratlons). This effect was
more pronounced in the heating than in the cooling half of the loop, and
was manifest as a tendency for the curve to flatten out in the 1200-1300°F
(922-978°K) temperature range, followed by an increase in stress in the
1500-1600°F (1089-1144°K) range where the dynamic aging phenomenon was most
prominent. Because of this effect, the stress peak was consistently found
to be in the 1500-1600°F (922-978°K) range on the heated half of all of the
TCIP and TCOP tests conducted in this study.

2. Fatigue Life Data

Fatigue life results are presented in Tables 10 and 11, where
cycles to failureare |isted together with the stress and strain ranges and
the experimental parameters for each test. Because of the assymetric nature
of the thermal cycled hysteresis loops, it was necessary to tabulate both a
tensile and a compressive stress component for each test. Also, both the
maximum (peak) stress and the stress at the extreme strain excursion (terminal
stress) were tabulated for those tests where temperature and strain were varied
simultaneously because the stress and strain extremes did not coincide on the
heating half of the test cycle. The peak range shown for each test was the
sum of the maximum tensile and maximum compressive stress experlienced in each
cycle. These stress values were used for preparation of the S-N curves,
while the terminal stress values were used for the separation of elastic and
plastic strain components discussed below.
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TR WINC. MATERIALS TECHNOLOGY

Six strain ranges were tabulated for each test in Tables 10 and
11. The total diametral strain range was the experimentally applied indepen-
dent variable and was calculated by dividing net diameter excursion (total
diameter change less the measured thermal expansion) for each test by the
original specimen diameter. The other five strain ranges were calculated
from the experimentally observed stress ranges as follows. The longitudinal
elastic strain range was the sum of the tensile and compressive longitudinal
elastic strains at the tensile and compressive strain extremes, which were
calculated using the observed terminal tensile and compressive stress values
together with the previously measured longitudinal elastic modulus values
corresponding to the measured values of specimen temperature at two points
of strain reversal (Figure 4). The diametral elastic strain range was the
sum of the tensile and compressive diametral elastic strain components, which
were calculated from the corresponding longitudinal elastic strain components
using the previously measured value of Poisson's ratio corresponding to the
temperature at each strain reversal (Figure 4). The diametral plastic strain
range was calculated by direct subtraction of the calculated diametral elastic
strain range from the experimentally imposed total diametral strain range.
The calculated diametral plastic strain range was doubled to obtained the
longitudinal plastic strain range, which was added to the previously cal~-
culated longitudinal elastic strain range to obtain the values of total

longitudinal strain range shown in Tables 10 and 11. The effect of these
various strain components on fatigue life will be discussed in subsequent
paragraphs.

The influence of the various types of thermal-mechanical strain
cycles on the fatigue life of the T-111 and ASTAR 811C alloys is shown in
Figures 23-50, where fatigue life curves are drawn for each cycle type as a
function of stress range, longitudinal plastic strain range, and longitudinal
total strain range. The experimental data showed greater scatter when cor-
related with stress range than when correlated with either plastic or total
strain range. This is not an unusual observation for strain controlled
testing where strain is an independent variable and stress is a dependent
variable. Both the plastic and total strain range correlated well with
fatigue life, with no significant advantage being noted for either type of
plot. The reason for this was that relatively large strain amplitudes were
required to provide failure in the desired range of 10 to 1000 cycles, so
that the majority of the cyclic deformation was plastic and the difference
between plastic and total strain was relatively small for most of the tests
conducted.

3. T-111 Alloy Behavior

The isothermal results for T-111 alloy tested at 2100°F (1422°K)
are shown in Figures 23 and 24. The S-N curve for this data (Figure 23)
displayed the typical concave upward shape, while both strain range plots
(Figure 24) showed an essentially linear dependence of log fatigue life on
log strain range. Also shown in Figure 24 are predictions of the fatigue
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Figure 23. S/N curve for T-111 alloy tested isothermally at 2100°F (1422°K)

(cycle type 1).

50

PEAK STRESS RANGE, mn/m2



3140 €

TRW inc. MATERIALS TECHNOLOGY

1.0 T T T T T T T T 11777 T T T TTTTH
- TEST FREQUENCY = 0.0065 Hz ]
0.1 - —
= | ]
= - i
- | .
w
- | i
<C
i
— o
£ -
E .01 — =
£ - h
E " ]
=z i i
< i _
Z -
W
2 .001 TN | el g SRR
§ 1.0_ T T T T 77177 T T T T TTTT] | T T TTTTT T T
= [ p
g i J
'_ | -
w
- 8 -4
<
= i i
a
o
’—
o 0.1 -
= s ]
o = 5 i
— - - -1
§ B B
'— —5
w
© § -
- |
w
<
-
o
.01 —
001 | RIS R | | L | [N ] L1
1 10 100 1000 10,000

CYCLES TO FAILURE

Figure 24. Influence of strain range on the fatigue life of T-111 alloy tested
isothermally at 2100°F (1422°K) (cycle type 1).
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life for the T-111 alloy based on the method of universal slopes. These
predictions, which were calculated from the elevated temperature tensile
data shown in Figure 5, bracket the experimental data within the range of
applied strains. This is the expected behavior, since the direct Universal
slopes prediction was developed for low temperature applications, and should
provide an upper bound for high temperature data, while the 10% rule was
proposed to provide a lower bound for temperature effects on fatigue life.
The fact that the observed lives were consistently below the direct pre-
diction line suggests that creep effects were involved in the isothermal
fatique process at 2100°F (1422°K).

In order to provide some perspective concerning the overall
fatigue behavior of the T-111 alloy, the 2100°F (1422°K) isothermal data
generated on this program were compared with 2000°F (1366°K) high cycle
fatigue data generated on recrystallized T-111 alloy in ultrahigh vacuum
on a previous program conducted in this laboratory (4) (Figure 25). This
comparison must be interpreted with some caution, since the high frequency
tests were conducted at a different temperature and with a mean stress
present (A ratios ranging from .25 to .45), and at a drastically different
frequency (~20kHz). However, it does provide some basis for characterization
of the general level of elevated temperature fatigue resistance of the T-111
alloy over a wide range of cycles-to-failure, and would provide a good point
of departure for a more detailed: study of the T-111 fatigue behavior In the
intermediate life range.

The influence of in-phase thermal cycling on the fatigue life
of T-111 is shown in Figures 26 and 27. This type of cycle had a very
pronounced detrimental influence on the fatigue life of the T-111 alloy,
with the TCIP life being reduced in some cases by more than a factor of 10
over the isothermal life at the highest temperature of the thermal cycle
(Figure 26). As an example of this effect, tests conducted at a total
longitudinal strain range of approximately .018 (tests T-16 and T-26,

Table 11) showed a fatigue life 796 cycles isothermally at 2100°F (1422°K)
as compared to a life of only 35 cycles when the temperature was cycled
from 2100°F (1422°K) to L4OO°F (478°K) in-phase with the mechanical strain
(heating with tension, cooling with compression). The life reductions
caused by in-phase thermal cycling were large enough to lower the TCIP
curve below the Universal slopes 10% line, which is particularly important
because it means that the thermal cycling effect represented a serious non-
conservative strength degradation which could not have been predicted using
any of the existing isothermal fatigue or creep-fatigue theories. Thus, a
thorough analysis of the thermal cycled fatigue behavior is reguired to
determine the cause of this degradation effect so that the possibility of
similar strength reductions in other materials may be anticipated.
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Figure 26. |Influence of strain range on the fatigue life of T-111 alloy tested
with the indicated types of thermal-mechanical cycling.
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Figure 27. S/N curves for T-111 alloy tested with the indicated types of

thermal-mechanical cycling.
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The $-N curve for the TCIP cycle (Figure 27) showed significantly
higher stresses in this type of test as a result of the higher material strength
at the lower temperatures. However, the low temperature deformation caused
very little additional cyclic strain hardening as shown in Figure 28, where
the peak tensile stress in the 2100°F {1422°K) isothermal tests is compared
with the terminal tensile stress at 2100°F (1422°K) in the TCIP type test.

The data presented in Figures 29 and 30 showed that the presence
of a notch had a significant effect on the isothermal life, but only a
minimal effect on the TCIP results in the T-111 alloy. Visual observation
of the notched specimens during testing indicated that a fatigue crack was
initiated at the notch root within the first few cycles in all of the
notched tests, so that this type of test provided an effective means for
separation of the initiation and propagation stages of the fatigue life.
These results thus showed that the thermal cycled life degradation effect
involved more than premature crack initiaion, since the TCIP results were
significantly below the isothermal notched data.

The influence of changes in the cycle parameters for the T-111
TCIP type tests are shown in Figures 31 and 32. Both the increase in the
minimum cycle temperature and the 1 hour hold at the peak temperature and
strain decreased the fatigue life over the 2100/400°F (1422/478°K) cycle,
with the ) hour hold providing a greater reduction than the increased
minimum temperature (Figure 31). Both changes reduced the stress range for
a given fatigue life (Figure 32), with the 1 hour hold having a more severe
effect than the temperature increase. The increased minimum temperature
caused a small increase in cyclic hardening over the 2100/400°F (1455/478°K)
cycle, while the 1 hour hold reduced it (Figure 33).

The above observations of reduced fatigue life with increased
minimum temperature and a 1 hour hold at peak temperature are important
because both of these effects increased the relative fraction of time in
the cycle when the specimen was susceptable to creep damage. This increased
life degradation with increased potential for creep affects implies that
life reduction may be associated with increased creep damage.

A significant difference was found between the influence of
in-phase and out-of-phase thermal cycling on the fatigue life of the T-111
alloy (Figures 34 and 35). The strain range-life relation for the out-of-
phase T-111 tests (Figure 34) was very peculiar. The TCOP curve fell above
and essentially parallel to the isothermal curve at the lower strain ranges,
but crossed the isothermal curve and was significantly below it at the higher
strain ranges. The out-of-phase cycle caused a significant increase of stress
range over both the isothermal and TCIP cycles (Figure 35), with the S-N curve
having a lower slope and being more nearly linear (within the range of
experimental scatter) than for either of the other types of test. This in-
crease in stress range was accompanied by a significant increase in the amount
of cyclic strain hardening, as compared with the TCIP test which showed very
little increase in cyclic strain hardening over the isothermal test (Figure 36).
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Figure 29. Influence of strain range on the fatigue life of T-111 alloy tested

with the indicated types of thermal-mechanical cycling.

58



3401 ¢

TRW inc.

MATERIALS TECHNOLOGY

PEAK STRESS RANGE, ksi

260 T IIIIIIII 1 T ITI|III T IVIYIIII T 1 1 vV Vv 17
TEST FREQUENCY = 0.0065 Hz
240
4 1600
220
4 1400
200
180
4 1200
A
160 \
g;\\\\ - 1000
140
120 4 500
100
- 600
80
KEY
60 - -4 400
o ISOTHERMAL 2100°F (1422°K) SMOOTH (CYCLE TYPE 1)
4o ® |SOTHERMAL 2100°F (14220K) NOTCHED (CYCLE TYPE I1)
& THERMAL CYCLED IN-PHASE SMOOTH (CYCLE TYPE I11) 1 200
20
Ao THERMAL CYCLED IN-PHASE NOTCHED (CYCLE TYPE V)
0 ) llllllll 1 1111|||| 1 llllllll 1 11 0
10 100 1000 10,000
CYCLES TO FAILURE
Figure 30. S/N curves for T-111 alloy tested with the indicated types of

thermal-mechanical cycling.
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Figure 31. Influence of strain range on the fatigue life of T-111 alloy

tested with the indicated types of thermal-mechanical cycling.
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Figure 32. S/N curves for T-111 alloy tested with the indicated types of
thermal-mechanical cycling.
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Figure 34. Influence of strain range on the fatigue life of T-111 alloy

tested with the indicated types of thermal-mechanical cycling.
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To summarize the T-111 thermal-mechanical fatigue behavior,
synchronized independently controlled thermal cycling had a pronounced
influence on the fatigue life of the T-111 alloy. In-phase cycling (heat-
ing with tension, cooling with compression) caused severe reductions of the
fatigue life, while out-of-phase cycling (cooling with tension, heating with
compression) both improved and degraded the fatigue 1ife, depending on the
strain range.

4,  ASTAR 811C Alloy Behavior

Isothermal fatigue life data for the ASTAR 811C alloy are
presented In Figures 37 and 38. The results of isothermal tests at 400°F
(478°K), 1600°F (1144°K), and 2100°F (1422°K) were clustered in a relatively
narrow band centered about the direct universal slopes predictions for 2100°F
(1422°K) (Figure 37), indicating significantly less effect of creep on
fatigue life of ASTAR 811C at the 2100°F (1422°K) test temperature than was
observed with the T-111 allay. The 400°F (478°K) results were parallel to
and slightly below the 2100°F (1422°K) data, while the 1600°F (1144°K)
line was slightly below both the 400 and 2100°F (478 and 1422°K) curves at
the higher strain ranges, but cut through at a slightly lower slope and was
above both curves at the lower strain ranges. The 1600°F (1144°K) results
were particularly important because they demonstrated that no significant
fatigue life reduction was associated with the dyramic strain aging
phenomenon. The high frequency tests at 2100°F (1422°K) were difficult to
rationalize. A definite frequency effect existed at 2100°F (1422°K), but
the effect was not consistent over the range of strain amplitudes studied.
The high frequency curve was concave downward, with the fatigue life at the
three largest strain amplitudes being above the lower frequency life at
2100°F (1422°K). While a direct comparison was not possible at the lowest
strain amplitude because no low frequency tests were conducted at this strain
range, the high frequency data appeared to be below the extrapolated low
frequency curve. This result was sufficiently puzzling that duplicate high
frequency tests were conducted to confirm it, as shown in Figure 37. No
satisfactory explanation was developed during the course of this study for
the apparent crossover of the high and low frequency curves.

The isothermal stress response of the ASTAR 811C alloy (Figure
38) increased with decreasing test temperature, with the stress amplitude
appearing to show a saturation effect In the 250-260 ksi (1723-1792 MN/m2)
range at 400°F (478°K). The 1600°F (1144°K) S-N curve exhibited a concave
upward shape, while the rest of the S-N curves (with the exception of the
400°F behavior mentioned above) were essentially linear. The 2100°F (1422°K)
high frequency stress amplitudes were much higher than the corresponding
low frequency values at the shorter cyclic lives, but tended to merge at
the longer lives.

66



3406 €

TR WI”C. MATERIALS TECHNOLOGY

1.0 F T T T T T T T T T T T T 1777177
- UNIVERSAL SLOPES PREDICTION .
- TEST FREQUENCY = ]
i ISOTHERMAL 21000F (14220k) 0.0065 Hz ]
B | SOTHERMAL 400°F (4789k) EXCEPT AS i
| SOTHERMAL 1600°F (1TL49K)  [\picATED
¥, | SOTHERMAL 21000F, (14229K)
0.1 FREQUENCY = 0.65 Hz I
= - %o Y. ]
= - ]
s s ¥ ]
2 ] KEY _
= o ISOTHERMAL 2100°F (14229k)
Eg - o (CYCLE TYPE 1) ]
‘é " F o ISOTHERMAL 4000F (4780K) (CYCLE TYPE Viil) :
= L 5 ISOTHERMAL 16009F (1144°k) -
= B (CYCLE TYPE IX) UNIVERSAL 1
> w [SOTHERMAL 21000F (14220K) v = .65 Hz SLOPES |
=z - (CYCLE TYPE X) PREDICTION  +
. 10% RULE
Py ) | I | ,
g ‘00] [ 1113 | 1 3 1 1111 1 )4 4 ] ]l | 1 ] 11
= 1.0 F T T T T T ""W T T T TTTT] TT 1 Illlﬁ
= - :
< K UNIVERSAL SLOPES PREDICTION i
- - -
w
- i o] ]
<
< [ _
2 *#QEQSEESEEig:\
= B &, B
> 0.1 - =
= = B -
ht < - .
= i ]
o = p-
- \ )
w
<C
—
o
01 ]
u UNIVERSAL SLOPES PREDICTION, .
- 10% RULE .
001 { 1 |111n| { 1 IJLJJI 1 | ||1||1| ] 1 1 114t
] 10 100 1000 10,000

CYCLES TO FAILURE

Figure 37. |Influence of strain range on the fatigue life of ASTAR 811C alloy tested
isothermally at the indicated temperatures.
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The influence of in-phase thermal cycling on the fatigue life
of the ASTAR 811C alloy is shown in Figures 39 and 40. As with the T-111
alloy, the in-phase thermal cycling had a significant detrimental influence
on the life of ASTAR 811C (Figure 39), with the 1ife reduction being larger
for the square wave (dual isothermal) type of cycle than for the TCIP type
cycle. Reasons for this increased effect of the square wave cycling will
be discussed in the subsequent section on partitioning of strain ranges.
It is significant to note that the universal slopes 10% rule provided con-
servative life predictions with respect to the TCIP type cycling for ASTAR
811C alloy and for all but the lowest strain ranges for the TCIPS type
cycles as well. The total strain range plot appeared to provide a slightly
better representation of the thermal cycled life data than the plastic strain
range plot, with some downward deviation from linearity being noted on
the plastic strain range versus cycles to failure representation.

The stress ranges for the ASTAR 811C alloy with in-phase cycling
were bracketed between the 400°F (478°K) and 2100°F (1422°K) isothermal stress
ranges (Figure 40), with the TCIP results being higher than the square wave
results. This was caused by the fact that the TCIP tensile stress peak
occurred at a lower temperature (1600°F (1144°K)) than the TCIPS tensile
stress peak, and in fact, the square wave cycle actually produced a slightly
greater amount of cyclic strain hardening than the TCIP type cycle as shown
in Figure 41.

The data presented in Figures 42 and 43 showed that the ASTAR
811C alloy exhibited very little notch sensitivity in both the isothermal
and TCIP cycles. As with the T-111 alloy, the fact that the TCIP smooth
data were below the isothermal notched results provided definite evidence
that the thermal cycled life reduction was not simply a premature crack
initiation effect. Stress response for the notched tests was somewhat
lower than the smooth response for the TCIP cycle, but crossed the smooth
curve and was much steeper in slope for the isothermal cycle (Figure 43).

Variation of the ASTAR 811C fatigue life with changes in the
TCIP test parameters followed the same pattern as found in the T-111 alloy,
with the increased minimum temperature and 1 hour hold both providing slight
reductions of fatigue life with respect to the 2100/400°F (1422/478°K) in-
phase thermal cycle (Figure 44). Both cycle changes also lowered the TCIP
S-N curve (Figure 45), with the 1 hour hold providing the greater reduction.
Also, as with the T-111 alloy, the increased minimum temperature provided
a slight increase in cyclic strain hardening, while the 1 hour hold reduced
it (Figure 46).
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Figure 39. Influence of strain range on the fatigue life of ASTAR 811C alloy
tested with the indicated types of thermal-mechanical cycling.
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Figure 40. S/N curves for ASTAR 811C alloy tested with the indicated types of
thermal-mechanical cycling.
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Figure 42. Influence of strain range on the fatigue life of ASTAR 811C
alloy tested with the indicated types of thermal-mechanical
cycling.
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Figure 43. S/N curves for ASTAR 811C alloy tested with the indicated types
of thermal-mechanical cycling.

74



3410

TR w INC. MATERIALS TECHNOLOGY

1.0 T 1T T T 1770 7 T TT177I7] T T T 110177 T T T 17111
- TEST FREQUENCY = 0.0065 Hz
L EXCEPT AS INDICATED -
& i
0.1 F -
=z N .
& - KEY -
'_ B —
v o  ISOTHERMAL 2100°9F (14229K)
2 = (CYCLE TYPE 1) _
- 5 o ISOTHERMAL L4O00OF (L4780K)
E + {CYCLE TYPE VIII)
E -0l & ISOTHERMAL 16000F (11449K) (CYCLE TYPE 1X) & ‘:
E T ¢ ISOTHERMAL 21000F (14220K), v = .65 Hz ]
. = (CYCLE TYPE X) N
= - & TCtP 21009F/LO0OF (14220K/4780K) (CYCLE TYPE I11) -
= %  TCIP 21000F/9000F (14220K/7559K) (CYCLE TYPE 1v) .
= . x  TCIP 21000F/LO0CF (14220K/4789K), 1 HOUR HOLD AT PEAK _
R TEMPERATURE & STRAIN {CYCLE TYPE VI)
w
g .001 1 Lt [ e | o g1l } R EEE
1.0 T 7T 7777777 — T T T T T T T} T T
= o =
& " .
- B -
w o -
- = n
<C
E B —
o
jus
’_
Q 0.1 -
[ R4 — —
- - : -
§ s -
-
wn - -
(&) I~ -
-
[72) [~ -
3
a
0l -
001 { 1 aaagl | L1l | L 4 a1l ] [
1 10 100 1000 10,000

CYCLES TO FAILURE

Figure 44. Influence of strain range on the fatigue life of ASTAR 811¢C
alloy tested with the indicated types of thermal-mechanical

cycling.
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Figure 45. S/N curves for ASTAR 811C alloy tested with the indicated

types of thermal-mechanical cycling.
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Qut-of-phase thermal cycling reduced the fatique life of the
ASTAR 811C alloy for both the TCOP and TCOPS types of cycles. The out-of-
phase effect was significantly smaller than the in-phase effect In both
cases (Figure 47). As with the Tn-phase type of cycle, the square wave
reduction was larger than the reduction with TCIP cycling. The out-of-
phase results for the ASTAR 811C alloy were more consistent than those from
the T-111 alloy in that the life reduction for the ASTAR 811C material
occurred over the entire range of strain amplitudes studied, rather than
Just at the higher strain ranges. S-N curves for the TCOP and TCOPS cycles
both fell above the corresponding TCIP and TCIPS curves (Figure 48). The
TCOP S-N curve was essentially parallel to the two in-phase curves, while
the TCOPS curve had a lower slope, being more nearly parallel to the iso-
thermal curve.

The cyclic strain hardening behavior produced by ocut-of-phase
testing of the ASTAR 811C alloy was significantly different than that
observed for the In-phase tests. For in-phase testing of the ASTAR alloy,
both the TCIP and TCIPS hardening curves were above the corresponding iso-
thermal curves, with the square wave cycle causing more hardening than the
TCIP cycle (Figure 41). TCOP cycling caused about the same amount of
additional hardening over the Isothermal cycling as did the TCIP cycling;
however, the TCOPS cycle caused less cyclic hardening than the isothermal
cycling (Figure 49) which is In sharp contrast to the in-phase results,
where the TCIPS cycles caused more hardening than the TCIP cycle. This
behavior also contrasted sharply with the T-111 behavior, where out-of-
phase testing caused significantly more cyclic hardening than in-phase
testing (Figure 36).

5. Summary and Comparison of Test Materials

To summarize the thermal fatigue behavior of the two tantalum
alloys, both materials showed significant effects of thermal cycling on
fatigue 1ife, with in-phase cycling (tension hot, compression cold) causing
large reductions in fatigue life, while out-of-phase cycling (tension cold,
compression hot) both Increased and decreased the fatigue 1ife, depending
on the material and strain range. Notched tests showed that premature
crack initiation was not the cause of the thermal effects in either mate-
rial, while variations in the cycle parameters showed that changes in the
thermal cycle which increased the potential for creep effects also increased
the magnitude of the thermal cycled life reductions.

The most significant difference between the two alloys was the
higher level of fatigue resistance possessed by the ASTAR 811C alloy, both
with respect to the isothermal fatigue strength and with respect to the in-
phase thermal cycled 11fe degredation effect (Figure 50). The improved fatigue
resistance of the carbide strengthened ASTAR 811C over the solid solution
strengthened T-111 alloy was thought to be associated with the previously
noted higher tensile and creep strength of this material. Specific strengthen-
ing mechanisms in the ASTAR alloy which improved the fatigue strength will be
discussed in the followling section on structural analysis,
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Figure 47. Influence of strain range on the fatigue life of ASTAR 811C alloy

tested with the indicated types of thermal-mechanical cycling.
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of thermal-mechanical cycling.
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with isothermal TCOP, and TCOPS types of thermal-mechanical cycles.
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C. Structural Analysis of Tested Specimens

Thermal mechanical fatigue testing caused significant changes in
specimen geometry, which in some cases influenced the observed fatigue life.
Extensive microstructural damage was also seen in the majority of specimens
subjected to fatigue cycling. Both effects depended strongly on the type of
thermal-mechanical cycle applied. For a given cycle type the changes were
similar in both materials, differing more in the degree than in the nature
of the damage. The ultrahigh vacuum exposure also caused minor compositional
changes in both alloys, which were not thought to have a significant in-
fluence on fatigue behavior.

1. Specimen Geometry Changes

Two basic types of specimen geometry change were observed, as
illustrated in Figure 51. The more common type of change was associated
with the isothermal and the in-phase cycles, and was characterized by an
increase in specimen diameter adjacent to the center of the original hour-
glass configuration (Figure 5la). This type of geometry change was also
observed by Coffin in diametral strain controlled isothermal fatigue test-
ing of 304 stainless steel (5), and was rationalized as a ratchetting effect
caused by the development of a mean compressive stress above and below the
minimum diameter of an hourglass specimen tested with completely reversed
plastic strain (6). Similar arguments can be applied to the isothermal tests
reported in this study, and also to the in-phase thermal cycled tests where
a mean compressive stress existed because of the asymmetrical hysteresis
loop. Specific examples of fractured specimens exhibiting this type of
shape change are shown in Figure 52. Because of the fact that this type
of change left the location of maximum stress, strain and temperature
unchanged during testing, it was assumed to have little effect on the
fatigue life.

The second type of geometry change observed (Figure 51b) was
associated exclusively with out-of-phase testing and was thought to be
responsible for the observed reduction of fatigue life caused by this type
of thermal cycling. Similar effects of geometric instability on fatigue
life were observed by Carden and Slade in the thermal fatigue testing of
Hastelloy X (7). According to Carden, the susceptability to instability
effects was a function of strain range, with a threshold level existing
below which instability did not occur and above which instability effects
were significant (8).

The out-of-phase geometry change was characterized by a re-
duction of specimen diameter both above and below the original minimum
diameter (Figure 51b), so that as testing proceeded the areas of the maximum
stress and strain in the specimen shifted away from the location of the
original minimum diameter, which was the point of cyclic strain control.
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Original
Minimum
Diameter
(a) ASTAR 811C-6 Isothermal Cycle
Ae = 0.3L44 in/in Cycles to Failure = 628
(mm/mm)
Original
Minimum
Diameter
(b) ASTAR 811C-17 TCIP Cycle
Ae = .0094 Cycles to Failure = 939
Figure 52. |Influence of isothermal and in-phase thermal cycling on

specimen geometry. Fracture coincides with original
minimum diameter. Approximate magnification 7X
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This type of instability gave the appearance of necking, with the fatigue
fracture occurring at one of the two necks rather than at the location of
the original minimum diameter. For the T-111 alloy, the out-of-phase
geometric instability was more pronounted at the higher strain ranges
(Figure 53a), and in fact the effect appeared to essentially disappear at
the smaller strain amplitudes (Figure 53b). This observation indicated
that the threshold strain amplitude for instability in the T-111 alloy
was within the range of experimentally applied strain, which was assumed
to be the cause of the previously observed crossover of the isothermal and
TCOP T-111 fatigue curves (Figure 34). It would thus appear that the
intrinsic TCOP fatigue resistance of the T-111 alloy may be greater than
the isothermal fatigue strength, but that this strength cannot be truly
measured at large strain amplitudes because of geometric instabilities
associated with the hourglass specimen configuration tested with out-of-
phase thermal cycling.

The out-of-phase geometric instability was more pronounced in
the ASTAR 811C alloy (Figure 54) and occurred consistently over the entire
range of strain amplitudes applied. For a given strain range, the effect
was larger in the square wave tests (Figure 55). These observations were
consistent with the fact that the out-of-phase ASTAR 811C strain-range
fatigue life curves were entirely below the isothermal results, with the
TCOPS curve being lower than the TCOP curve (Figure 47). It would thus
appear that the intrinsic out-of-phase low cycle fatigue resistance of the
ASTAR 811C alloy cannot be measured with the present specimen geometry, as
was the case with the T-111 alloy at the higher strain amplitudes.

2, Microstructural Effects

Microstructural damage was separated into three basic categories
corresponding to the isothermal, in-phase, and out-of-phase cycle types.
More damage was seen in the T-111 alloy, which was consistent with the lower
fatigue resistance observed for this material. For a given cycle type, the
damage generally increased with increasing test time rather than with in-
creasing strain range. Failure was exclusively intergranular in the T-111
alloy. |Intergranular cracking was also the predominent failure mode in
ASTAR 811C, although some transgranular cracking was observed in this
material. Specific examples of each of these general observations will be
pointed out in the following discussions of damage for each basic category
of thermal cycling.

a. Isothermal Damage

Isothermal fatigue damage in T-111 at 2100°F (1422°K)
was restricted to the grain boundaries, with a tendency for the development
of R type voids (Figure 56). The damage was highly localized at high strain
amplitudes, but tended to spread to broad bands centered about the grain
boundaries at the lower amplitudes (Figure 57). Cracking was intergranular
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Original
Minimum
Diameter
(a) T-111-33 TCOP Cycle
Ae = .0997 Cycles to Failure =9
Original
Minimum
Diameter
(b) T-111-30 TCOP Cycle
Ae = .0354 Cycles to failure = 567
Figure 53. Influence of strain range on the specimen geometry change caused
by out-of-phase thermal cycling of T-111 alloy. Note that the

neck corresponding to the fracture is significantly larger than
the secondary neck on the opposite side of the minimum diameter.
The majority of this additional necking occurred during the

last half-cycle of testing. Approximate magnification 8x
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TRW nc.
Original
Minimum
Diameter
ASTAR 811C-12 TCOP Cycle
Ae = .0180 Cycles to‘Failure = 1012
Figure 54. Influence of out-of-phase thermal cycling on specimen
geometry of the ASTAR 811C alloy. Approximate

magnification 6X
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Figure 55. Relative geometry change for ASTAR 811C alloy tested with
simultaneous and sequential (square wave) out-of-phase
thermal cycling. Specimens shown actual size.
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Tensile
Axis

Figure 56.

(b) 2000X

Fatigue damage in T-111 specimen No. 17 tested isothermally at
2100°F (1422°K) with a total longitudinal strain range of .13I
in/in (mm/mm). Cycles to failure = 10. Area of observation
approximately | mm below fracture surface.
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(a) 500X T—

Tensile Axis

(b) 2000X

Figure 57. Fatigue damage in T-111 specimen No. 16 fatigue tested
isothermally at 2100°F (1422°K) with a total longitudinal
strain range of .018 in/in (mm/mm). Cycles to failure = 796.
Area of observation was region of maximum damage in specimen
interupted immediately prior to complete separation.
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and appeared to occur by linking of the R-type voids generated by reversed
grain boundary sliding (Figure 58).

Microstructural damage was minimal in the ASTAR 811C alloy
tested at 2100°F (1422°K) (Figure 53). B8oth intergranular (Figure 60a) and
transgranular (Figure 60b) fractures were observed, which indicated that the
2100°F (1422°K) test temperature was just at the threshold of significant
creep effects in fatigue of the ASTAR 811C alloy. The observed difference
in grain boundary damage between the two alloys was consistent with previous
results which showed lower susceptability to grain boundary sliding in creep
of the ASTAR alloy (1,2). This improved grain boundary strength was attributed
to the presence of the grain boundary carbide (Figure 2), which provided a
grain boundary pinning effect. |t should be noted, however, that grain
boundary sliding, though minimal, does occur in ASTAR 811C at 2100°F (1422°K)
and that this sliding had a significant influence on the fatigue life of this
alloy in the thermal cycled tests discussed below.

b. In-Phase Thermal Cycle Damage

The scanning electron micrographs presented in Figures 6]
through 66 revealed the cause of the in-phase thermal cycled fatigue life
degradation effect observed in both alloys (Figures 26 and 39). These photo-
micrographs showed that both alloys sustained massive grain boundary decohe-
sion under the influence of thermal-mechanical cycles where the high tem-
perature deformation occurred in tension and the low temperature deformation
in compression. Examples of this effect in T-111 alloy are shown in Figures
61 through 64. Comparison of Figures 61 and 62 shows that the amount of in-
phase damage in T-111 increased with increasing cycles to failure. A stereo-
graphic pair of the triple point crack seen in the center of the field of
view in Figure 62b clearly shows the almost continuous nature of the grain
boundary voids developed by in-phase cycling (Figure 63). Fracture of in-
phase cycled T-111 alloy occurred by link-up of the grain boundary cracks
and was thus intergranular in nature (Figure 64). Similar grain boundary
damage was found in ASTAR 811C (Figure 65). Because of the higher resistance
to grain boundary sliding in this alloy, the amount of damage was lower,
which was assumed to be the reason for the higher resistance to the thermal-
cycled life degradation effect noted in Figure 50. As with the isothermal
cycling, in-phase thermal cycled fracture of the ASTAR 811C occurred by a
mixed mode, with intergranular fracture caused by the link-up of grain
boundary voids providing the majority of observed cracking (Figure 66).

It is assumed that the massive grain boundary decohesion
seen with in-phase testing is caused by unreversed grain boundary sliding.
It is relatively easy to envision how this effect could occur in a square
wave test in which all of the tensile deformation takes place at a high
temperature where grain boundary sliding occurs and all of the compressive
deformation takes place at a low temperature where grain boundary sliding
does not occur. With this type of test cycle, every tensile excursion causes
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Figure 58.

Secondary crack in T-111 specimen No.

Tensile
Axis

17 fatigue tested isothermally

at 2100°F (1422°K) with a total longitudinal strain range of .13l
in/in (mm/mm). Cycles to failure = 10. Area of observation approxi-

mately .1 mm below fracture surface.
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Tensile
AXxis

(b) 2000X

Figure 59. Microstructure of ASTAR 811C fatigue specimen No. 6 fatigue
tested isothermally at 2100°F (1422°K) with a total longitudinal
strain range of .034 in/in (mm/mm). Cycles to failure = 628.
Area of observation immediately adjacent to fracture surface.
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Tensile
(a) Intergranular crack initiation Axis

(b) Transgranular Crack Initiation

2000X

Figure 60. Secondary crack initiation in ASTAR 811C specimen No. 6 fatigue

tested isothermally at 2100°F (1422°K) with a total longitudinal
strain range of .034 in/in (mm/mm). Cycles to failure = 628
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Figure 61.

sl
(a) 500X
Tensile
Axis
(b) 2000X
Grain boundary decohesion in T-111 specimen No. 23 fatigue

tested with in-phase thermal cycling (heating with tension,
cooling with compression) at a total longitudinal strain.
range of .035 in/in (mm/mm). Cycles to failure = 15. Area
of observation approximately 1 mm below fracture surface.
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Figure 62.

-
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Tensile
(a) 500% Axis

Grain boundary decohesion in T-111 specimen No. 28 fatigue tested
with in-phase thermal cycling (heating with tension, cooling with
compression) at a total longitudinal strain range of .0064 in/in

(mm/mm) . Cycles to failure = 456. Area of observation approximately
1 mm below fracture surface.
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Tensile
Axis

Figure 63.

Stereo pair showing detail of grain boundary damage in T-111 specimen No. 28
fatigue tested with in-phase thermal cycling (heating with tension, cooling
with compression) at a total longitudinal strain range of L0064 in/in (mm/mm)
Cycles to failure = 456. Magnification 5000X
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Tensile
Axis

Figure 64. Primary and secondary fractures in T-111 specimen No. 28 fatigue
tested with in-phase thermal cycling (heating with tension, cooling
with compression) at a total longitudinal strain range of .0064 in/in

(mm/mm). Cycles to failure = 456. Magnification 500X
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TRW ixc.

Tensile
(a) 500X Axis

(b) 1000X

Grain boundary decohesion in ASTAR 811C specimen No. 17 fatigue

tested with in-phase thermal cycling (heating with tension, cooling
with compression) at a total longitudinal strain range of .0096 in/in
(mm/mm). Cycles to failure = 939. Area of observation approximately

1 mm below fracture surface.
100

Figure 65.
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Figure 66.

{1lustration of mixed-mode cracking in ASTAR 811C specimen

No. 17 fatigue tested with in-phase thermal cycling (heating
with tension, cooling with compression) at a total longitudinal
strain range of .0096 in/in (mm/mm). Cycles to failure = 939.
Area of observation approximately .2 mm below primary fracture
surface. Magnification 1000X
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a small grain boundary displacement which is not reversed in compression,

and these individual increments accumulate to cause the gross cavity forma-
tion and decohesion seen in the scanning electron micrographs. It is mofe
difficult to explain unreversed grain boundary sliding in the TCIP type

test, where temperature and strain vary simultaneously. However, the
occurrence of this phenomenon can be understood by analysis of the rela-
tionship between temperature and plastic strain, which does not vary linearly
with temperature as does total strain. This point is illustrated in Figure
67, which shows the tensile and compressive elastic and plastic strain
components which occur at or above the equicohesive temperature. This

figure shows that all of the tensile deformation which occurs above the
equicohesive temperature is plastic, while a significant part of the com-
pressive deformation above this temperature is elastic. This analysis thus
shows how a net difference can exist between the tensile and compressive
components of plastic strain which occur above the equicohesive temperature,
and how this type of thermal cycling can cause unreversed grain boundary
displacements in exactly the same way as the square wave type of cycle.
However, because the amount of unreversed creep strain is less in the TCIP
type of cycle than in the square wave cycle, the fatigue life degradation
should be smaller, as was observed to be the case experimentally (Figure 39).

Manson, Halford, and Hirshberg have recently developed
the above arguments in a formalized analysis which they call a method of
Partitioned Strain Ranges (9,10,11). This method seeks to evaluate in a
quantitative way the amount of unreversed creep deformation in a particular
fatique cycle, and to correlate data from different cycle types on this
basis. A more detailed description of this analysis is presented in a
later section of this report, where the method is applied to the ASTAR 811c
data generated on this program.

c. Qut-0f-Phase Thermal Cycle Damage

Significant microstructural damage was found in both alloys
tested with out-of-phase thermal cycling as shown in Figures 68 and 69. The
damage was more extensive near the center of the ''bulge'' which developed in
this type of test, as illustrated in Figure 51b, and as shown by comparing
Figure 68 with Figure 70. The damage increased with increasing cycles to
failure, as shown by comparing Figures 68 and 71. Failure was intergranular
in the T-111 alloy (Figure 72) while both intergranular and transgranular
cracking were observed in the ASTAR 811C alloy (Figure 73), with intergranular
fracture being the predominant mode. While microstructural damage undoubtedly
contributed to failure in the out-of-phase tests, the fact that failure
occurred at the zone of reduced cross-sectional area rather than at the
location of maximum microstructural damage supports the previous argument
that the geometric instability was the primary cause of the life reductions
which occurred in the majority of these tests.
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Increment of tensile plastic strain accumulated
above the temperature where grain boundary
' sliding occurs and which is reversed by com-
pressive plastic strain below the temperature
+0  where grain boundary sliding occurs.

Grain Boundar&
Sliding Occurs

Grain Boundar
Sliding Does
Not Occur

/—-—

Equicohesive
Temperature

B s o)

Temperature

=€

Figure 67. Schematic illustration of the relationship between temperature,
plastic strain, and total strain which shows how unreversed grain

boundary sliding can occur in a test where temperature and strain
vary simultaneously in a linear, in-phase relationship. (TCIP

type cycle).
103

N6 ¢



3125 ¢

TR WINC, MATERIALS TECHNOLOGY

Tensile
Axis

(b) 2000x

Microstructural damage in the center of the ''bulge' developed
in T-111 specimen No. 30 tested with out-of-phase thermal cycling
at a total longitudinal strain range of .035 in/in (mm/mm).

Cycles to failure = 567.

Figure 68.
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(a) 500X Tensile
Axis

Figure 69. Microstructural damage in the center of the 'bulge'' developed
in ASTAR 811C specimen No. 12 tested with out-of-phase thermal
cycling at a total longitudinal strain range of .018 in/in
(mm/mm). Cycles to failure = 1012.
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Figure 70.

Tensile
Axis

2000X

Microstructural damage in the center of the secondary ''neck' developed
in T-111 specimen No. 30 tested with out-of-phase thermal cycling at a
total longitudinal strain range of .035 in/in (mm/mm). Cycles to

failure = 567.

106






8 c

TR w INC. MATERIALS TECHNOLOGY

-

Tensile
Axis

(b) 2000X

Microstructural damage in the center of the '""bulge'' developed in
T-111 specimen No. 33 tested with out-of-phase thermal cycling at
a total Tlongitudinal strain range of 0.100 in/in (mm/mm). Cycles

to failure = 9,

Figure 71.
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Tensile
Axis

1000X

Figure 72. Secondary cracking in T-111 specimen No. 30 tested with out-
of-phase thermal cycling at a total longitudinal strain range
of 0.035 in/in (mm/mm). Cycles to failure = 567.
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Tensile

Axis

Figure 73. Secondary cracking in ASTAR 811C specimen No. 12 tested with

out-of-phase thermal cycling at a total longitudinal strain
range of 0.018 in/in (mm/mm). Cycles to failure = 1012.
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3. Chemical Analysis of Tested Specimens

Chemical analysis of selected test specimens for the inter-
stitials carbon, oxygen, nitrogen, and hydrogen showed minor changes in
compos ition during testing (Tables 12 and 13). Both alloys experienced
a drop in the oxygen and nitrogen levels and a slight increase in the
hydrogen level. The T-111 showed a possible slight carbon decrease while
the ASTAR 811C showed no consistent change in carbon level. Because of
the fact that these compositional changes were observed over the entire
range of basic cycle types studied, it was assumed that they were not
associated with the observed variations of fatigue life with varying thermal
cycles.

D. Analysis by the Method of Partitioned Strain Ranges

In the previous discussion of unreversed grain boundary sliding
reference was made to a new approach for the characterization of cyclic
plasticity which was recently developed by Manson, Halford, and Hirshberg
(9,10,11). This section of the report will describe this approach, which
is called the method of partitioned strain ranges, and its application to
the ASTAR 811C fatigue results from this program.

The method of strain range partitioning is based on separation of
the reversed plastic strain range into components which represent both the
direction and the nature of the deformation; that is, whether it is tensile
or compressive and whether it occurs by a creep or a plastic flow mechanism.
The critical point of the argument involves not the nature of the deformation
as such, but how the deformation is reversed in the fatigue cycle. Four types
of reversed strain are defined; they are plastic strain reversed by plastic
strain (PP), creep strain reversed by creep strain (CC), tensile creep strain
reversed by compressive plastic strain (CP), and tensile plastic strain
reversed by compressive creep strain (PC). PP strain is experienced at low
temperatures, where creep does not occur, or at a high temperature and
frequency where thermally activated flow is prohibited. CC deformation
occurs in a low frequency, high temperature cycle where the strain rate is
low enough that essentially all of the inelastic strain occurs by creep.
Pure CP and PC types of deformation would be found in cycles such as the
square wave tests applied in this program, where all of the deformation
in one direction occurs at a low temperature and all of the reverse de-
formation takes place at a high enough temperature and low enough strain
rate so that all of the reversed strain occurs by a thermally activated flow
mechanism. Another test where this type of deformation might occur would be
an isothermal cycle where the tensile and compressive strain rate are not
equal so that one half of the cycle sustains more creep deformation than the
other half. On the basis of the present study, which showed that the primary
effects of high temperature fatigue deformation were associated with grain
boundary sliding, it appears that the more relevant separation of plastic
strain might involve homogeneous and inhomogeneous (grain boundary ) flow
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Table 12

Influence of Vacuum Fatigue Exposure on
Interstitial :Contamination in T=11T Alloy

Analysis, ppm

Specimen No. " Test Cycle _Cc 0 N_ H_
As Received

Vendor - <30 <50 17 1.3

TRW - 80 33 35 5
T-111-14 1SOT 15 3 3 *
T-111-16 1S0T 23 2 3 5
T-111-17 I1SOT 53 2 3 *
T-111-18 1S0T 32 1 b 8
T-111-22 TCIP 18 2 3 8
T-111-23 TCIP 20 3 3 11
T-111-28 TCIP 49 2 5 9
T-111-30 TCOP 38 2 L *

* Insufficient tested material available to perform analysis.
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Table 13

Influence of Vacuum Fatigue Exposure on Interstitial
Contamination in ASTAR 811C Alloy

Analysis, ppm
Specimen No. Test Cycle C 0 N H

As Received

Vendot - 230 100 12 1.4

"TRW - 290 22 9 3
ASTAR 811C-3 1S0T 260 .3 3 *
ASTAR 811C-6 ISOT 230 .8 5 *
ASTAR 811C-8 1SOT 220 .5 3 9
ASTAR 811C-9 TCOP 250 .5 4 *
ASTAR 811C-12 TCOP 230 .6 8 10
ASTAR 811C-15 TCIP 260 .9 L *
ASTAR 811C-17 TCIP 200 1.0 6 9
ASTAR 811C-24 TCIP 240 .6 7 7

* |nsufficient tested material available to perform analysis.
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rather than thermally activated non-thermally activated deformation. However,
this Is a relatively fine point in the argument, since the equicohesive
temperature for most materials is generally not much above the minimum tem-
perature for significant creep to occur,and grain boundary sliding Is there-
fore almost always associated with creep deformation,

The basic hypothesis of the method of partitioned strain ranges
is that each of the four types of reversed strain defined above will provide
a different fatigue 1ife for a given material at a given strain amplitude.
Thus, it should be possible to generate a plot of strain range versus cycles
to failure for each type of reversed straln, from which the life of a more
complicated hysteresls loop involving more than one reversed strain component
might be determined. The equation proposed by Manson for relating the life
provided by each type of strain component to the life anticipated in a test
involving two or more types of reversed strain is a simple linear summation
of reciprocal life fractions (11). For example, with a test involving both
PP and CP deformation, the equation would be:

+
PP cp f

where f,, and fcp are the fractions of PP and CP type deformation present in
the experimental hysteresis loop, Ny, and Ncp are the fatigue lives of the
material tested with pure PP and CP deformation, and Nf¢ is the predicted
fatigue life.

<] -h
0
[}

Zl:g-n
=

An example of a hysteresis loop which contains more than one
type of reversed strain has already been presented in Figure 67 which il-
lustrated how unreversed grain boundary sliding could occur in a TCIP type
cycle. Actually, this particular example involved three of the four reversed
strain components defined in the partitioning method, as shown in Figure 74
where the hysteresis loop used in the previous example has been reproduced
with the assumption that the equicohesive temperature coincides with the
minimum temperature for significant creep. The three reversed strain
components present in this loop are the PP, CC, and CP types, as indicated
in Figure 74. An analogous partitioning can be performed to show that PP,
CC, and PC types of deformation are present in the TCOP type of cycle
applied in this program.

Application of the method of partitioned strain ranges to the
ASTAR 811C alloy fatigue results involved several assumptions. First, it
was assumed that at the 0.0065 Hz frequency all of the deformation which
occurred below 1600°F (1144°K) was plastic, and all of the deformation above
that temperature was thermally activated. This sharp cut-off temperature is
somewhat arbitrary, but in general, it represents a good estimate of the
minimum temperature where creep may be anticipated in this alloy (1).
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Figure 74. Schematic illustration of the PP, CP, and CC strain components
present in a typical TCIP hysteresis loop.
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Based on this assumption, the 2100°F (1422°K) isothermal test results should
represent pure CC deformation, while the In-phase and out-of-phase square
wave test results should represent respectively pure CP and PC deformation.
Both the 400°F (478°K) and 2100°F (1422°K) isothermal high frequency (0.65 Hz)
cycles should provide a reasonable representation of the PP fatigue life.
Actually, these two cycle types produced somewhat different lives, with the
low temperature tests falling near the bottom of the isothermal scatter band,
while the high frequency results were near the top of the band except at the
lowest strain amplitude. Because of this uncertalnty In the location of

the PP line, and also because of the relatively narrow band into which all

of the isothermal results fell when compared to life differences caused by
thermal cycled testing, it was declded to use the scatter band itself as
representative of both the PP and CC types of deformation. In order to
provide the most conservative possible predictions with respect to design
applications, the bottom rather than the center of the band was used to
obtain the required PP and CC lives.

Using the above assumptions, the pure CP, PC, and CC/PP data
were used to calculate predicted lives for each of the 2100/400°F (1422/478°K)
TCIP and TCOP tests conducted on the ASTAR 811C alloy. These calculations
were simplified by the assumption of a coincident CC/PP line, since it
eliminated the need to separate the CC and PP components In the TCIP and
TCOP loops. Furthermore, at all but the lowest strain amplitudes all of the
high temperature elastic strain occurred above 1600°F (1144°K), which meant
that calculation of the percentage of unreversed creep strain for each test
was reduced to a simple calculation of the total amount of elastic strain
experienced between the high temperature strain reversal and 1600°F (1144°K).
These strain values were calculated directly from load ranges measured from
the experimental hysteresis loops using the high temperature modulus data
from Figure &.

The percentages of unreversed creep stralin calculated by the above
method are listed in Table 14 together with the pure fatigue 1ife values for
the relevant strain components and the observed and predicted fatique llives
for each test analyzed. The observed and predicted life values are compared
graphically In Flgure 75, where the predicted results have been represented
by a smooth curve drawn through the calculated data polints. The representa-
tions show excellent agreement between predicted and experimental lives for
the out-of-phase tests, with somewhat poorer agreement being achieved for
the in-phase results. It would thus appear that the microstructure of damage
caused by the in-phase testing makes a somewhat more than linear contribution
to the fatigue process in this material. This synergistic interaction between
creep and fatigue Is not surprising in view of the gross graln boundary
damage caused by the In-phase cycling.
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Figure 75. Comparison of fatigue life predictions based on the method of

partitioned strain ranges with experimental results for ASTAR
811C alloy tested with simul taneous thermal cycling.
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V. CONCLUSIONS

The major conclusions obtained from this program concerned the
relative influence of isothermal, in-phase, and out-of-phase thermal cycl-
ing on the fatigue life of the T-111 and ASTAR 811C alloys. In-phase
thermal cycling (tension hot, compression cold) consistently reduced the
fatigue life with respect to the isothermal life within the range of the
thermal cycle, while out-of-phase cycling had both a beneficial and a
detrimental effect, depending on the material and strain range. Analysis
of the tested specimens showed that the in-phase life reduction was caused
by massive grain boundary decohesion which resulted from unreversed grain
boundary sliding. The ASTAR 811C alloy was less susceptable to this effect
because of improved resistance to grain boundary sliding provided by grain
boundary carbide precipitates. The out-of-phase life variations were found
to be associated with a geometric instability which occurred in the hour-
glass specimens. Analysis of the fatigue results by the method of parti-
tioned strain ranges showed that out-of-phase results could be predicted
very accurately by this technique, with the in-phase predictions being
somewhat less accurate.

The results of this study are considered extremely important because
the observed life reductions were caused by an unreversed grain boundary
sliding mechanism which should be operative in any material where the service
temperature is cycled through the equicohesive temperature in-phase with a
mechanical strain. Significant fatigue life reductions may thus be antici-
pated in any material which is exposed to this type of thermal cycling.
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